Anaerobic conditions induced by prolonged flooding often lead to an enhanced release of phosphorus (P) to floodwater; however, this effect is not consistent across soils. This study aimed to develop an index to predict P release potential from alkaline soils under simulated flooded conditions. Twelve unamended or manure-amended surface soils from Manitoba were analyzed for basic soil properties, Olsen P (Ols-P), Mehlich-3 extractable total P (M3P ICP ), Mehlich-3 extractable molybdate-reactive P (M3P MRP ), water extractable P (WEP), soil P fractions, single-point P sorption capacity (P 150 ), and Mehlich-3 extractable Ca (M3Ca), and Mg (M3Mg). Degree of P saturation (DPS) was calculated using Ols-P, M3P ICP or M3P MRP as the intensity factor, and an estimated adsorption maximum based on either P 150 or M3Ca + M3Mg as the capacity factor. To develop the model, we used the previously reported floodwater dissolved reactive P (DRP) concentration changes during 8 wk of flooding for the same unamended and manured soils. Relative changes in floodwater DRP concentration (DRP ratio ), calculated as the ratio of maximum to initial DRP concentration, ranged from 2 to 15 across ten of the soils, but were ≤1.5 in the two soils with the greatest clay content. Partial least squares analysis indicated that DPS3 calculated using M3P ICP as the intensity factor and (2 ´ P 150 ) + M3P ICP as the capacity factor with clay percentage can effectively predict DRP ratio (r 2 = 0.74). Results suggest that P release from a soil to floodwater may be predicted using simple and easily measurable soil properties measured before flooding, but validation with more soils is needed.
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Predicting Phosphorus Release from Anaerobic, Alkaline, Flooded Soils Geethani Amarawansha, Darshani Kumaragamage,* Don Flaten, Francis Zvomuya, and Mario Tenuta A ccumulation of phosphorus (P) in agricultural soils enhances P loss to waterways (Daniel et al., 1998; Sharpley, 1995) and leads to the eutrophication of surface water bodies (Schindler, 1977) . Phosphorus release from soils to runoff water is often related to soil test P (STP) concentrations (Sharpley, 1995; Daniel et al., 1998; Vadas et al., 2005; Kumaragamage et al., 2011) and P retention in soil (Fang et al., 2002; Ige et al., 2005) . Seasonally flooded conditions change the oxidation-reduction status that may alter the fate and transport of P in soils. Numerous studies conducted worldwide showed an enhanced P release from soils and sediments to soil solution and floodwater upon the development of anaerobic conditions (Pant et al., 2002; Ajmone-Marsan et al., 2006; Hoffman et al., 2009; Kröger et al., 2012; Scalenghe et al., 2012; Amarawansha et al., 2015) . Our previous studies using anaerobic alkaline soils from Manitoba showed that the increase in dissolved reactive P (DRP) concentration in floodwater was highly variable depending on soil properties and was more than 10-fold in some soils (Amarawansha et al., 2015) .
Application of manure and fertilizer in excess of crop removal increases STP (Eghball et al., 1996 , Sharpley et al., 2004 Kumaragamage et al., 2011) , thus enhancing the potential risk of P loss from soils (Sims et al., 1998; Kleinman et al., 2002; Chardon et al., 2007; Koopmans et al., 2007; Kumaragamage et al., 2012) . Under flooded, anaerobic conditions, we previously reported that greater quantities of P were released to surface floodwater from manured soils than unamended soils; however, the relative increase in P concentrations in floodwater with prolonged flooding was similar (Amarawansha et al., 2015) .
Because of the environmental importance of P release from soils to floodwater, there is a need to predict the potential P release from flooded and anaerobic soils. Various measures of STP, degree of P saturation, and other soil and sediment properties have been evaluated to predict P release from acidic to neutral soils (Young and Ross, 2001; Pant et al., 2002; Loeb et al., 2008) and wetland and drainage ditch sediments Sims, 1997a, 1997b; Mukherjee et al., 2009) . Total Fe oxide (Sallade and Sims, 1997b) , soil test P (Pant et al., 2002) , soil P fractions (Loeb et al., 2008; Young and Ross, 2001) , and the degree of P saturation (DPS; Sallade and Sims, 1997b; Young and Ross, 2001 ) have been effective in predicting potential P release to floodwater under anaerobic conditions from soils and sediments. Sallade and Sims (1997b) showed that total Fe oxide (dithionite-citrate extractable) was a good predictor of P release from prolonged flooded and anaerobic ditch sediments. Pant et al. (2002) observed that double acid (0.0125 M H 2 SO 4 and 0.05 M HCl) extractable P with double acid extractable calcium (Ca), magnesium (Mg), and aluminum (Al) were able to predict 80% of variation of P release from agricultural soils with different management practices in the Lake Okeechobee watershed under anaerobic conditions. Loeb et al. (2008) observed that the ratio between Fe-bound P extracted by Golterman (1996) P fractionation method and amorphous Fe extracted by oxalate extraction method was a strong predictor (r 2 = 0.79) of P release from floodplains in the Netherlands and Poland.
The DPS is defined as the ratio of extractable P or labile P to the sorption capacity of soil, where P sorption capacity is usually measured as the Langmuir adsorption maximum (Sharpley, 1995; Zhou and Li, 2001) . The use of a single-point P sorption capacity such as P 150 as the capacity factor, instead of the Langmuir adsorption maximum reduces the complexity of measurement (Sharpley, 1995; Zhou and Li, 2001; Ige et al., 2005) . Since DPS integrates the soil property effect by taking into account the capacity of soils to retain P with the soil test P, it has been shown to be well correlated with P desorption from soils and dissolved P concentration in runoff water (Sharpley, 1995; Sharpley et al., 1996; Zhou and Li, 2001 ). Sallade and Sims (1997b) showed that DPS (calculated as biologically available P/P sorption index ´100) correlated well (r = 0.75) with P release after 21 d of flooding and suggested an upper threshold of 40% of DPS for ditch sediments to minimize release of P to overlying water bodies. Young and Ross (2001) reported that pore water P concentration of seasonally flooded upland agricultural, non-agricultural, forest, and wetland soils could be predicted using ammonium acetate extractable P (r 2 = 0.74) and DPS (r 2 = 0.80), where DPS was calculated as the ratio of fluoride extractable P to the P sorption index. They also reported DPS and ammonium acetate extractable P were good estimators of floodwater P concentrations.
Most of the predictive models have been developed for acidic to neutral soils where Fe plays a vital role in P retention in soil, and therefore, affects P dissolution under reduced conditions. Limited information on potential P release is available for alkaline flooded soils, where P retention is largely controlled by Ca and Mg concentrations and not by Fe or Al. In the above context, we attempted to develop a simple index based on soil characteristics before flooding that could predict the P release potential from alkaline soils under simulated flooded conditions. To achieve this objective, the relationships between changes in DRP released to floodwater as reported by Amarawansha et al. (2015) with STP, P fractions, DPS and other chemical and physical properties measured before flooding were determined.
Materials and Methods

Soil Analysis
Twelve agricultural soils within three soil orders (Mollisols, Vertisols, and Entisols) with varying soil properties (e.g., texture, soil organic matter, cation exchange capacity), fertility levels, and drainage conditions were collected from different locations in Manitoba and used in this study. Detailed information on soil collection, soil analysis, incubation treatment and setup, and analysis of floodwater samples are described in Amarawansha et al. (2015) . In addition to analyzing for basic soil properties and Olsen P (Ols-P) as reported in Amarawansha et al. (2015) , we analyzed triplicates of all samples for Mehlich-3 extractable P (M3P), Mehlich-3 extractable Ca (M3Ca), Mg (M3Mg), Fe (M3Fe), Mn (M3Mn), and Al (M3Al) and water extractable P (WEP). We used M3P and WEP as alternative measures of STP, as previous studies have shown strong relationships between M3P and WEP with Ols-P for Manitoba soils (Kumaragamage et al., 2007) . We also used Mehlich-3 extractable cations because M3Ca and M3Mg have been identified as useful measures of P sorption capacity in neutral to alkaline soils (Ige et al., 2005) . Mehlich-3 extractable P, Ca, Mg, Fe, Mn and Al were determined by shaking 2.5 g of soil with 25 mL of Mehlich-3 extracting reagent (Mehlich, 1984) for 5 min and filtering the extract through Whatman No. 42 filter paper. Water extractable P was extracted by shaking 2 g of soil with 20 mL of deionized water for 1 h and filtering using Whatman No. 40 filter paper (Kuo, 1996) . Molybdate reactive P concentrations in Mehlich-3 (M3P MRP ) and water (WEP) extracts were determined by the molybdate blue color method (Murphy and Riley, 1962) , and absorbance was measured at 882 nm wavelength using an Ultraspec 2100 pro UV/visible spectrophotometer (Biochrom, Cambridge). Mehlich-3 extracts were also analyzed for total P (M3P ICP ) and Ca, Mg, Fe, Mn, and Al concentrations using inductively coupled plasma atomic emission spectroscopy (Thermo iCAP 6500 Duo, Cambridge, UK).
Single-point P sorption capacity (P 150 ) was determined by equilibrating triplicates of 2 g of air-dried, sieved (<2 mm) soil with 20 mL of 0.001 mol L -1 KCl solution containing 150 mg P L -1 (Bache and Williams, 1971) . The suspension was shaken at 120 rpm for 24 h at room temperature (22 ± 3°C). The samples were filtered through Whatman No. 1 filter paper and the P in the filtrate was determined colorimetrically by the molybdate blue method. The amount of P sorbed, P 150 , was calculated using the difference between the amounts of P added to the soil and the equilibrium P concentration in the solution. Soil samples (in triplicates) were also subjected to P fractionation analysis by a modified Hedley procedure (Hedley et al., 1982; Dou et al., 2000; Ajiboye et al., 2004) . Soil samples (0.5 g) were sequentially extracted with deionized water, 0.5 mol L -1 NaHCO 3 , 0.1 mol L -1 NaOH, and 1 mol L -1 HCl. For each extraction step, the soil with the extraction solution (1:60 of soil/solution) was shaken at 120 rpm for 16 h at room temperature (22 ± 3°C) and centrifuged at 12,500 g for 10 min. The supernatant was then collected through vacuum filtration (0.45-mm membrane filter) and the molybdate-reactive P concentration in each extract was determined by the molybdate blue method. Total P was measured only in NaOH and HCl extracts using inductively coupled plasma atomic emission spectroscopy. Residual P content of the remaining soil at the end of sequential extraction was determined by digesting with a digestion mixture containing H 2 O 2 and H 2 SO 4 ; P concentrations in the neutralized digests were determined using the molybdate blue method.
Calculation of Degree of Phosphorus Saturation
The degree of P saturation (DPS) expresses the ratio of extractable or labile P concentration as a percentage of P sorption capacity of a soil. Ige et al. (2005) reported that DPS calculations using Ols-P or M3P as a measure of the extractable P, and either the P sorption index at 150 mg L -1 (P 150 ) or Langmuir adsorption maximum as a measure of the P sorption capacity were the most appropriate for neutral to alkaline soils of Manitoba. For the same soils, Akinremi et al. (2007) further suggested estimating Langmuir adsorption maximum as 2 ´ P 150 and correcting the sorption capacity by the addition of STP to the adsorption maximum to account for previously sorbed P. Thus, various forms of DPS were calculated using equations that were suggested by Ige et al. (2005) for neutral to alkaline soils of Manitoba and modified by Akinremi et al. (2007) . [2]
[3]
where a is the slope of the regression line of 2 ´ P 150 against (M3Ca + M3Mg) through the origin. We used an a value of 0.1 as suggested by Akinremi et al. (2007) for soils in Manitoba.
An Index to Predict Changes in Floodwater DRP
We used the DRP concentration changes in floodwater reported by Amarawansha et al. (2015) during 8 wk of flooding for the 12 unamended and 12 manured alkaline soils. In this study, soils were packed into incubation vessels and flooded with reverse osmosis water to a depth of 8 cm above the surface to simulate the development of anaerobic conditions. Floodwater samples were collected and analyzed for DRP concentrations 1 d after flooding and thereafter once a week for an 8-wk period (Amarawansha et al., 2015) . It should be noted that reported DRP changes were for flooded soils in the absence of growing plants. The DRP concentrations in floodwater often increased, reached a peak, and then decreased or remained stable, and therefore we calculated the maximum relative DRP concentration change (DRP ratio ) for each unamended and manured soil using the following equation: ratio Maximum DRP during the flooding DRP DRP after one day of flooding
The partial least squares (PLS) procedure of SAS 9.3 (SAS Institute, 2011) was used to explore quantitative relationships between the DRP ratio and initial soil properties. Thirty soil variables, including various measures of soil test P and DPS, soil P fractions, and chemical and physical properties were included as predictors in the initial model. Soil parameters having the greatest influence on the response variable were determined based on the variable importance in the projection (VIP). A VIP value of >0.8 was used as the significance level for PLS (Wold, 1995) to select the predictors with significant contribution to the variability in the DRP ratio . Selected soil properties were then included in the reduced model and this was followed by the sequential exclusion of predictor variables with the least impact on the model, based on the loading weights and scores, until the highest r 2 was obtained. The number of PLS factors were selected using the split cross validation method (CV = SPLIT option of PROC PLS) in which successive groups of widely separated observations were held out as the test set. The number of extracted factors with the minimum predicted residual sum of squares (PRESS) statistic was chosen as the optimum. Using the CVTEST option of PROC PLS, the PRESS for the model with optimum or minimizing number of factors was compared to the PRESS for a model with fewer factors. If there was no significant difference between the two, the model with fewer factors was selected. Using the linear regression of measured values in the response variable and the predicted values obtained in the crossvalidation procedure, the predictive strength of the model was assessed. To interpret results in terms of original variables, the PLS solution was transformed into an ordinary least squares form using the SOLUTION option in PROC PLS. The result was a set of "pseudo" regression coefficients in the original dependent variables.
Results and Discussion
Soil Properties and P Release to Floodwater
Soils used were alkaline, non-saline, and covered a wide range of available soil P, soil organic matter (SOM), cation exchange capacity (CEC), and textural properties (Table 1) . Initial Ols-P, M3P MRP and M3P ICP concentrations in the studied soils varied greatly (Table 2 ). Manure addition increased Ols-P and M3P MRP in soils with low initial P, and this effect was not observed for soils with high initial P levels. Concentrations of WEP were low, varying from 1.93 to 12.7 mg kg -1 in the unamended soils and from 3.8 to 15.4 mg kg -1 in the manured soils ( Table 2 ). The P sorption capacities, determined as P 150 , varied greatly among the soils. Calculated DPS values varied from 1.51% for DPS2 to 17.0% for DPS3 (Table 2) . Nevertheless, these values are lower than the P values reported for soils in Manitoba . Phosphorus fractions in the studied soils also varied greatly among soils (Table 3) ; however, the manure addition affected only the labile P fractions (water and NaHCO 3 extractable fractions).
Anaerobic conditions that developed after flooding resulted in highly variable release of additional DRP from soils to floodwater depending on soil type (Amarawansha et al., 2015) . The DRP ratio , the ratio of maximum DRP concentration during flooding to the initial DRP concentration in floodwater, varied from 0.9 in unamended Scanterbury soil to 15.2 in manured Reinland soil (Table 1) . A DRP ratio value of less than one indicates that the DRP concentration of surface floodwater decreased with time of flooding as observed for both amended and unamended Scanterbury soil. With the exception of Scanterbury and Osborne soils, all the unamended and manured soils had DRP ratio >2, with DRP ratio >4 for eight of the soils.
Predicting DRP Concentration Changes in Floodwater
Initial PLS analysis was conducted to develop models to predict DRP ratio using 30 soil properties measured before flooding the unamended and manured soils. Partial least square analysis was conducted separately for unamended and manured soils as well as combining both treatments together. Only the results obtained for the analysis combining two treatments will be discussed here since results were similar for unamended and manured soils, and our objective was to develop an index that would work for both amended and manured soils. Partial least squares analysis indicated that single factor models can be used to predict DRP ratio in floodwater of soils. Thirteen initial soil properties contributed significantly (VIP >0.8) to DRP ratio . The DRP ratio was strongly related to DPS, P fractions as well as other soil properties, but was not related to STP. The DPS3, clay percentage, and P 150 (mg kg -1 ) were the most important variables, with values for VIP >1.6. Within the DPS methods, DPS3 showed the strongest relationship with the DRP ratio , while DPS1, DPS2, and DPS6 were also positively related. The inverse relationship with clay percentage was expected since the soils with high clay contents had stable or relatively small increases in floodwater DRP concentrations. Sand percentage was strongly and positively related to the DRP ratio since a greater content of sand in soils decreases P retention as reported by Ige et al. (2005) . The P 150 , M3Mg, and M3Al, which are dominant soil properties affecting P retention were negatively related with the DRP ratio . Thus, our results indicate a lower DRP release with flooding in soils with greater extractable Mg, Al and P sorption ability, indicating the likely precipitation of P with Al and Mg, which are not redox-sensitive elements. In contrast, for acidic soils, Pant et al. (2002) reported that P release under anaerobic conditions were negatively related to double acid extractable Ca and Al, but positively correlated with double acid extractable P and Mg, indicating that acid extractable Ca and Al reduce the P concentrations due to precipitation reactions. Cation exchange capacity, which has previously been reported to relate positively with DRP release in other soils (Amery and Smolders, 2012) , however, was negatively related with the DRP ratio in our experiment. This may be because our soils are alkaline, and alkaline soils with high CEC would have greater concentrations of exchangeable Ca and Mg, which may increase re-precipitation of released P.
The DRP ratio in floodwater in all soils showed significant positive relationships with the HCl-extractable inorganic P, which consists of mostly Ca-or Mg-bound P fractions (Daroub et al., 2000) . These findings imply that the solubility of sparingly soluble Ca and Mg phosphates increased during flooding as previously reported (Mandal, 1964; Ann et al., 1999) . Total and inorganic P fractions extracted by 0.1 mol L -1 NaOH, which consists largely of Fe-or Al-bound P in soils, were negatively related to the DRP ratio .
The above mentioned 13 variables accounted for 66% of the variability in the DRP ratio . Cross validation results based on 13 significant variables showed that a nine-variable model gave the minimum root mean PRESS (root mean PRESS = 0.64) and accounted for the greatest amount of response variation (r 2 = 0.75). However, the nine-variable model was not significantly more accurate than the two-variable model with DPS3 and clay percentage which accounted for 74% of the variation in DRP ratio in floodwater (root mean PRESS = 0.65). Further statistical analysis showed that the single factor model with only DPS3 described 59% of the variability in the DRP ratio in floodwater while HCl-extractable inorganic P alone predicted only 26% of the variation in DRP ratio . Clay content of the soils, which negatively influenced the DRP ratio , predicted 45% of the variability. The two-variable model with DPS3 and clay percentage had the best predictive power as evidenced by the relationship between predicted values, obtained by cross validation, and observed DRP ratio during flooding (Fig. 1a) . As well, the two-variable model fit well with the 1:1 linear relationship, indicating its high degree of predictive power.
Use of DPS3 alone also showed a good relationship between predicted and observed values and fit well with the 1:1 linear relationship (Fig. 1b) . However, other single variable predictive models had comparatively lower predictive powers and did not conform closely to the 1:1 relationship (Fig. 1c-f ) . The DPS has previously been shown to be better correlated with P desorption and dissolved P concentration in runoff water (Sharpley, 1995; Zhou and Li, 2001 ) than STP. In acidic to neutral soils, Young and Ross (2001) reported that the DPS measured as the ratio of fluoride extractable P to P sorption index with STP measured as ammonium acetate-extractable P reasonably estimated Table 2 . Means of Olsen extractable P (Ols-P), water extractable P (WEP), Mehlich-3 extractable molybdate-reactive P (M3P MRP ), Mehlich-3 extractable total P (M3P ICP ), single-point P sorption at 150 mg P L -1 (P 150 ), and degree of P saturation (DPS) calculated using six different equations for unamended and manured soils in Manitoba.
Soil
Ols floodwater P concentration. In our study with alkaline soils, we found that DPS calculated using Mehlich 3-extractable total P as the intensity factor, and sum of Mehlich 3-extractable P and estimated P sorption maximum (calculated as 2 ´ P 150 ) as the capacity factor provided the most accurate estimate of the potential P release to floodwater from soils, irrespective of the manure treatment. The DPS in this study was more effective than STP, P fractions or other soil properties in predicting P release potential to floodwater from anaerobic soils. This may be because DPS takes into account the proportion of P sorption sites that are saturated with P, which determines P release potential from soils, in addition to the amount of available P in soils. Since DPS is calculated based on either P sorption maximum or P 150 , both of which are dependent on soil properties, use of DPS integrates the effect of soil types with available soil P content (Sharpley, 1995) to provide a reasonably accurate estimate of the potential for P release from soils under flooded conditions. This model based on DPS and clay percentage measured before flooding can estimate DRP ratio to indicate the potential release of P to floodwater under anaerobic conditions. In the studied soils, the calculated DRP ratio based on the model was greatest for manured Reinland soil (12.1) and lowest for unamended Scanterbury soil (0.9; Fig. 1a) . We suggest the following scheme to categorize soils on their redox-induced P release potential to floodwater based on the model calculated DRP ratio values: 0-2 (low), 2-5 (medium), 5-10 (high) and >10 (very high). These ratings for DRP ratio are arbitrary indicators of the relative increase in floodwater DRP concentration for a flooded soil when anaerobic conditions develop, compared to that soil's floodwater DRP concentration under aerobic conditions. These ratings do not indicate absolute concentrations of DRP in floodwater and are not suitable on their own for rating the risk of eutrophication for these soils. Based on the model calculated DRP ratio values, the majority of our soils came under "high" P release potential category, with two soils (from Lakeland I and Niverville) under the "medium" category, and two soils (Scanterbury and Osborne) under the "low" category. Reinland was the only soil with a "very high" P release potential under anaerobic conditions according to our model. If the model predicted P release potential is "high" or "very high", such soil should be managed so that accumulation of STP is kept low; otherwise, the soil should be drained quickly before anaerobic conditions develop. However, it should be noted that this model does not account explicitly for re-precipitation that may occur at the oxidized soil-water interface or P transport within the soil (Young and Ross, 2001) , which may result in anomalies.
Conclusions
The relative increase in DRP concentration with flooding was predicted with reasonable accuracy using the percentage of clay, together with DPS3, which used M3P ICP as the intensity factor -------------------------------------------------------------------------------------------------------mg kg  -1 ----------------------------------------------------------------------------------------------------- and (2 ´ P 150 ) plus M3P ICP as the capacity factor. The model had reasonable predictive power and had the capability to address a maximum of 74% of the variation in floodwater DRP concentration changes after reduction of soil. Soils could be categorized on their P release potential to floodwater based on the model calculated DRP ratio values as low (0-2), medium (2-5), high (5-10) and very high (>10). Therefore, this model may be effective in assessing the environmental risk of P release from flooded, anaerobic soils. According to the model, soils with high DPS3 and coarse texture resulted in the greatest release of P under flooding conditions. This indicates that flooding should be minimized on these soils and STP for these soils should be managed to limit DPS3 levels even though STP by itself was not well related to the P release potential under flooded conditions. The wide range of soil properties and P concentrations in soils used in the study allow the model to be applicable to a range of soils with different soil properties. However, the predictive tool should be validated using more soils with varying soil properties, under field conditions as well as low temperatures to represent spring conditions, which result in flooding due to spring snowmelt. HCl-extractable inorganic P.
